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Rapid progress in electrically-controlled plasmonics in solids poses a question about effects of
electronic reservoirs on the properties of plasmons. We find that plasmons in electronically open
systems [i.e. in (semi)conductors connected to leads] are prone to an additional damping due to
charge carrier penetration into contacts and subsequent thermalization. We develop a microscopic
theory of such lead-induced damping based on kinetic equation with self-consistent electric field,
supplemented by microscopic carrier transport at the interfaces. The lifetime of plasmon in elec-
tronically open ballistic system appears to be finite, order of conductor length divided by carrier
Fermi (thermal) velocity. The reflection loss of plasmon incident on the contact of semi-conductor
and perfectly conducting metal also appears to be finite, order of Fermi velocity divided by wave
phase velocity. Recent experiments on plasmon-assisted photodetection are discussed in light of the
proposed lead-induced damping phenomenon.
Plasmons represent collective oscillations of charge car-
riers and electromagnetic field. Both instances can freely
propagate in space. Free propagation of electromagnetic
waves leads to the radiative decay of plasmons which has
been studied extensively [1–4]. Charge carriers may also
leak away from plasmonic system if it is coupled to elec-
tronic reservoirs (contacts). This process would also lead
to plasmon damping. Unlike radiative damping, the ’con-
tact damping’ gained very little attention. The reason is
most plasmonic systems studied so far were electroni-
cally closed (nanoparticles [1–3]) or extended [4–6] such
that effects of leads could be neglected. With the rapid
progress in electrical control of plasmons [7, 8] and elec-
trical readout of plasmon-enhanced photocurrent [9, 10],
this question becomes urgent.
There are several experimental evidence for important
role of contacts on plasmon damping that yet did not
receive due attention. First, interference of launched
and reflected plasmons is readily observed at edges of
2d and 1d semiconductors [5, 11, 12], but scarcely ob-
served at contacts of semiconductors and metals [7]. Sec-
ond, photocurrent spectroscopy of plasmon resonance in
transistor structures with close leads provides generally
larger linewidths [13, 14] compared to electromagnetic
transmission measurements in grating-gated semiconduc-
tors with distant leads [15]. In recent measurements of
plasmon-enhanced photovoltage in graphene bilayer tran-
sistor [10], the visibility of plasmon resonance was en-
hanced by p − n junction barrier at the metal-graphene
interface. These factors tell us that behaviour of plas-
mons at the contact of semiconductor and metal lead is
not simply refection at impedance discontinuity.
The theory of plasmon decay in electronically open
systems is still lacking. Its first theoretical evidence ap-
peared in numerical Monte-Carlo simulations of plasmons
in confined 2d systems with fixed electron distributions at
contacts [16]. Further evidence appeared in simulations
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FIG. 1. (a) Electron occupation in a semiconductor chan-
nel coupled to metal leads vs energy and coordinate in the
presence of plasma wave. Blue filled regions correspond to
equilibrium electrons, red – to non-equilibrium ones, excited
by plasmon electric field. A non-equilibrium electron incident
on a contact can either transmit and thermalize (with proba-
bility t) or be reflected back from a contact (with probability
1 − t) (b) Open plasmonic resonators with 1d and 2d chan-
nels (nanotube and graphene are shown as example) coupled
to source and drain contacts
of current-driven plasmon instability [17], though hardly
distinguishable from bulk damping. Another approach to
problem lies in finding the dynamic conductance of lead-
coupled conductors and analysing its peaks as a function
of frequency [18]. Such calculation could be performed
only for 1d systems with restrictive assumption of fully
screened Coulomb interaction [19]. Remarkably, the lat-
ter approach hints that plasmon damping in open sys-
tems is tightly linked to finite conductance of ballistic
systems (given by Landauer [20] and Sharvin [21] formu-
las in 1d and 2d, respectively).
In this Letter, we present an analytical theory of plas-
mon decay in 1d and 2d (semi)conductors coupled to
leads [22]. Schematic of this process is shown in Fig. 1: a
non-equilibrium electron participating in plasma oscilla-
2tion penetrates into a contact and is thermalized therein.
We find that such damping appears due to non-locality
of current-field response, i.e. it vanishes if Fermi velocity
vF of carriers tends to zero. In the low-temperature limit,
the damping γ is order of tvF /L, where L is the distance
between leads, and t is the electron transmission proba-
bility at metal/semiconductor interface. An extra contri-
bution to damping oscillatory in frequency with period
vF /L is found. It appears due to synchronisation (anti-
synchronisation) between periods of carrier transit and
plasma oscillation. We also find that plasmons incident
on semiconductor/metal contact undergo finite reflection
loss due to the above mechanism. It occurs even for bal-
listic semiconductors and perfectly conducting metals.
Non-local conductivity in electronically-open system.
The main building block for evaluation of plasmon losses
in open systems is the conductivity kernel σ(x, x′) linking
the current density j(x) and electric field E(x)
j(x) =
∫ L
0
σ(x, x′)E(x′)dx′. (1)
The non-locality of current-field relation (1) will play a
central role in the effect studied. We are to find σ(x, x′)
in d-dimensional semiconductor channel with metal leads
located at x = 0 and x = L (Fig. 1). The metals are
assumed perfectly conducting, and strong electron scat-
tering maintains equilibrium Fermi distributions therein.
Electron distribution in the channel obeys the classi-
cal kinetic equation; in the presence of plasmon elec-
tric field E(x)e−iωt the distribution function f(x,p) =
f0(p) + δf(x,p)e
−iωt obeys
− iωδf + vx
∂δf
∂x
− eE(x)
∂f0
∂px
= 0, (2)
where vx is the x-component of electron velocity. We
shall focus on ballistic systems with long momentum re-
laxation time τpω ≫ 1 to clearly distinguish the bulk and
contact damping.
A non-equilibrium electron incident on a contact can
either penetrate and thermalize therein with proba-
bility t, or undergo specular reflection from metal-
semiconductor junction with probability r = 1−t. These
considerations relate the distributions of left- and right-
moving electrons at the contacts:
δf(0, px) = r δf(0,−px),
δf(L,−px) = r δf(L, px).
(3)
Solving the kinetic equation (2) at given field δE(x),
we have obtained the nonlocal conductivity kernel of the
form
σ(x, x′) = σDd
iω
2vF
〈
F
(
x
L
,
x′
L
,Ωθ
)
cos θ
〉
cos θ>0
, (4)
F (ξ, η,Ωθ) = e
−i |ξ−η|
Ωθ −
2r
cos[ ξ+η−1Ωθ ]− r cos[
ξ−η
Ωθ
]e−i/Ωθ
ei/Ωθ − r2e−i/Ωθ
(5)
where σD = inee
2/ωm is the local Drude conductivity, ne
is the electron density, Ωθ = vF cos θ/ωL is the normal-
ized transit frequency of charge carrier moving at angle
θ, and the angular averaging 〈...〉cos θ>0 is performed over
right-moving carriers. It is possible to show that the lo-
cal Drude form of conductivity σ(x, x′) ≈ σDδ(x − x
′)
is restored in the limit of small transit frequency Ωt =
vF /ωL → 0, i.e. at high frequencies and low Fermi ve-
locities.
Damping rate in electronically open resonator. To
quantify the damping rate of plasmons γcont = −Imω
induced by coupling to leads, we divide the energy loss
rate in open plasmonic resonator dW/dt by the stored
energy W :
γcont
ωn
=
1
2
∫ L
0 E
∗(x′)σ′(x, x′)E(x) dxdx′∫ L
0
σ′′D|E(x)|
2dx
(6)
where the prime and double prime denote real and imag-
inary parts of conductivity.
The possibility to express contact-induced damping in
the from of bulk Joule loss (6) is non-trivial, yet it can
be formally derived from perturbation theory for cou-
pled dynamic and electrostatic equations [23]. Actually,
all information about electron reflection/absorption at
contacts is now encoded in conductivity kernel σ(x, x′).
Energy loss associated with direct leakage of carrier ki-
netic energy through the contacts should also contribute
to γcont. However, this flux is order of (ω/q)mv
2
F /2; we
will see that actual damping rate given by (6) appears
already to the lower order in Fermi velocity.
E/E0 x = 0
FIG. 2. Spatial distribution of current Rej(x) in 1D conduc-
tor coupled to perfectly transmitting leads (r = 0), induced
by a trial plasmon field E0 cos(2pinx/L). To visualize the lo-
calization of current, we have added a small imaginary part of
frequency mimicking the internal scattering. The currents are
periodic in space with wave vector ω/vF , and their amplitude
(panel b) oscillates with transit-time frequency
The dissipation of plasmons is tightly linked to the
hermiticity of conductivity kernel σ(x, x′), as it is seen
from Eq. (6). First of all, the kernel has vanishing real
part for perfectly reflecting contacts r → 1. This implies
absence of dissipation once charge carriers cannot escape
the channel. Second, the matrix elements of σ(x, x′) eval-
uated on plane-waves eikxx in infinite volume L → ∞
are zero if the phase velocity ω/kx exceeds the Fermi
velocity. This implies the absence of Landau damping
3for sufficiently fast waves. Once the transmittance of
contacts and channel length become finite, the conduc-
tivity acquires dissipative part, Reσ(x, x′) > 0, and the
contact-induced damping appears.
To provide a link between contact-induced damping
and Landau damping, we inspect the spatial profile of
current (1) induced by a ’trial’ long-wavelength field E ∼
cos(pinx/L). We observe a short-period structure in cur-
rent localized in the vicinity of both contacts, as shown in
Fig. 2A. The amplitude of these ’lead-induced’ currents
oscillates with electron transit frequency (Fig. 2B), while
the phase shift with respect to electric field tends to pi/2
for perfectly reflecting contacts (t = 0).
The appearance of such structures is a consequence of
non-local conductivity only, and is not related to electric
field enhancement at sharp metal contacts. It is also
possible to show that the phase of short-period current
coincides with that of external field, which leads to a
spatially localized Landau damping.
We now quantify the contact contributions to plasmon
damping in several experimentally relevant structures,
such as (a) 1d nanotube field-effect transistor (FET) (b)
FET with gated two-dimensional channel. If the verti-
cal extent of leads is well above plasmon wavelength, the
quantized frequencies of plasmon resonances are approx-
imately ωn = ω∞(qn), qn = pin/L, where ω∞(q) is the
plasmon dispersion in extended structure without con-
tacts, and q is the wave vector. The electric potential
of plasmon in these structures, in the non-retarded ap-
proximation, is ϕ(n) ∝ sin(qnx) [24]. We plug the electric
fields En(x) = −∂ϕ
(n)/∂x into (6) to obtain the following
estimates of damping γcont:
γcont
ωn
= −α(d) tΩt − β(d) t
2Ω
(d+1)/2
t Φosc(Ωt), (7)
Φosc(Ωt) =
∞∑
k=1
rk−1
k
d−1
2
cos
[
k
Ωt
+
pi
4
(d− 1) + pink
]
(8)
The numerical prefactors α and β depend on channel
dimensionality and are given by:
α(1) = 1; α(2) =
8
3pi
; β(1) = 1; β(2) =
√
8
pi
.
The contribution to damping given by first term of (7)
is the mean lifetime of a free electron in the channel of
length L confined by barriers with transparency t. The
coefficient α decreases in higher dimensions due to longer
transit time of electron between source and drain, aver-
aged over the Fermi surface.
The second term of the equation (7) appears only
in structures with partially reflecting contacts, and de-
scribes possible resonances (anti-resonances) between
electric field and bouncing electrons [25]. An enhance-
ment of damping occurs if plasmon field acts in phase
with most of charge carriers, while its reduction occurs
when the field and carriers oscillate in counter-phase.
FIG. 3. Plasmon damping rate γ (normalized by eigen-
frequency ωn, n = 1) in ballistic semiconductor channel cou-
pled to leads vs electron transit frequency. Blue and green
lines correspond to 1d and 2d semiconductor channels, re-
spectively; upper pannel corresponds to perfectly transmit-
ting (ohmic) contact, lower panel – to contact with transmit-
tance t = 0.3. Dashed lines show the non-oscillatory part of
damping being linear in transit frequency.
The interaction between plasmons and transit-
time electron oscillations is most illustrative in one-
dimensional channels, where the damping rate is found
fully analytically
(
γcont
ωn
)
d=1
= −Ωtt
1 + r
r
1− (−1)n cosΩ−1t
[1− (−1)n cosΩ−1t ] + t
2/2r
(9)
One-dimensional nature of electrons in this case leads to
a very strong interaction between field and transit-time
resonances. The damping rate of plasmons goes to zero
at Ωt = (2pik)
−1 for even modes and Ωt = (pi(2k− 1))
−1
for odd modes, and so does the current at the terminals.
When contact transmittance is low t ≪ 1, the suppres-
4sion of electron spill-out has a resonant character with
width δω ∼ t
ωpl
qkL
.
Energy loss of a wave incident at contact. The con-
tact mechanism of damping would also manifest itself
in plasmonic interference phenomena near the metal-
semiconductor contacts. Analysis of such interference
patterns is an established tool for determination of spec-
tra and propagation length of plasmons [5, 11].
We now realize that plasmon reflection from metal-
semiconductor contact can never be perfect as some frac-
tion of carriers would penetrate into metal and thermal-
ize therein. Attenuated reflection from such contact is
a consequence of non-local conductivity; no attenuation
would have occurred if semiconductor was described by
a local Drude conductivity.
The method for calculation plasmon reflection loss
Apl = 1 − Rpl at semiconductor-metal contact (located
at x = 0) is similar to evaluation of damping in confined
structure. Namely, it equals the Joule losses (expressed
through non-local conductivity) divided by energy flux
in an incoming wave Sinc:
Apl =
1
Sinc
∫ 0
−∞
E∗(x′)σ′(x, x′)E(x) dxdx′, (10)
The last necessary element for evaluation of losses is con-
ductivity kernel in a semi-infinite semiconductor channel
σ(x, x′). It is related to non-local conductivity of ex-
tended system σ∞(x − x
′) via σ(x, x′) = σ∞(x − x
′) −
rσ∞(x + x
′) [26]. It can be obtained from conductivity
in finite-length channel (4) by taking the limit L → ∞
and keeping in mind small wave damping. Finally, taking
the zero-loss form of incident field E = E0 cos(qx) and
evaluating the integrals, we find the reflection loss in one
and two dimensions:
Apl = ξ(d)t
vF
ω/q
, (11)
where ξ(1) = 1, ξ(2) = 16/3. The result is remarkably
simple: reflection loss of a plasmon incident on metal
contact is the ratio of carrier Fermi and plasmon phase
velocities, timed by the transmission coefficient for in-
dividual carrier t. Of course, leading term of plasmon
damping in open resonator (7) is consistent with the ob-
tained reflection loss.
It is possible to express the reflection losses (10) via
wave vector or via frequency only. This enables one to
estimate the relative smallness of such contact absorp-
tion, and results in following relations
A
(1D)
pl = t
√
pi
2αc
ln−1/2
vF /a
ω
; A
(2D)
pl =
16
3
tω
vF /aB
, (12)
where αc = e
2/κ~v0 is the Coulomb coupling constant,
a is the width of one-dimensional system (e.g. radius of
the nanotube), and aB = ~
2κ/me2 is the Bohr’s radius.
It is remarkable that reflection losses in 1d and 2d have
the opposite dependencies on carrier density, as shown in
Fig. 4. In 2d, increase in carrier density leads to larger
phase velocity, smaller non-locality, and smaller loss. In
1d, the increase in Fermi velocity with carrier density
overtakes that of wave phase velocity, and reflection loss
goes up with increasing density.
FIG. 4. Plasmon reflection loss upon scattering at semi-
conductor/metal contact vs wave frequency. Blue and green
lines correspond to 1d (semiconductor nanotube [12]) and 2d
(GaAs quantum well) plasmons; solid lines correspond to car-
rier densities n = 5 × 105 cm−1 in 1d and 5 × 1011 cm−2
in 2d; dashed lines – to higher densities of 106 cm−1 in 1d
and 1012 cm−2 in 2d. The radius of 1d conductor is assumed
a = 5 nm, effective mass m∗ = 0.1m0, background dielectric
constant κ = 4. Inset shows a schematic of lossy plasmon
reflection at the contact
Discussion and possible experimental manifestations.
Lead-induced damping can make a contribution to net
plasmon damping in any electrically-controlled plasmon
resonator (e.g., in experiments with gate tuning of plas-
mons). The most pronounced effect is expected in
plasmon-enhanced photodetectors, where a semiconduc-
tor channel acts as a plasmonic resonator and photocur-
rent generator [13, 14, 27]. Plasmon lifetime in such de-
tectors based on bilayer graphene was inferred in Ref. [10]
from the width of gate-tunable photovoltage oscillations.
The extracted lifetime γ−1 ∼ 0.3...1 ps was well below
the double transport relaxation time (∼ 4 ps) predicted
by Boltzmann kinetic theory in extended 2DES. More-
over, the lifetime was decreasing at larger gate voltage
(corresponding to higher Fermi velocities). The latter
trend is in agreement with Eq. (7) for contact damping.
The magnitude lead-induced damping under condi-
tions of Ref. [10] can be estimated using Eq. (7) as
16vF/3piL ≈ 2.7 × 10
11 s−1 (taking vF = 10
6 m/s and
L = 5 µm). It is roughly the same as ’bulk damping’
1/2τp = 2.5 × 10
11 s−1. Yet, the net damping rate is
even above γcont+(2τp)
−1, which signalizes on extra plas-
mon decay mechanisms (radiative decay is a likely can-
didate). Remarkably, measurements of plasmon-assisted
resonant detection in sub-micron III-V transistors (L =
150 nm) [13] also reported plasmon lifetime ∼ 200 fs
5smaller than expected 800 fs from mobility measure-
ments. The magnitude of measured lifetime is close to
vF /L ∼ 150 fs expected for contact mechanism.
It looks that contact mechanism of plasmon damping
sets a limit for downscaling of plasmonic nanosystems.
Due to formal coincidence of boundary conditions at per-
fect contact and rough metal surface [26], this damp-
ing would persist for localized plasmons in nanoparti-
cles and surface plasmon-polaritons at metal/dielectric
interface [28]. A straightforward way for reduction of
such damping is to induce weakly transparent barriers
for electrons near the contacts. One may therefore state
that plasmonic devices should benefit from high contact
resistance and long channels, which is contrary to re-
quirements for conventional high-frequency transistors.
Another possible way to reduce contact damping is to
shift the carrier transport into hydrodynamic regime. In
this regime, the path of a single carrier to the contact
would be prolonged due to frequent electron-electron col-
lisions [29], and so will the plasmon lifetime. However,
the study of this regime requires a considerable modifi-
cation of transport model.
To conclude, we have shown that coupling of a semi-
conductor system to metal leads induces extra plasmon
damping. The damping appears due to electron pene-
tration into leads and subsequent thermalization. The
contribution of this mechanism to damping rate in semi-
conductor of length L is roughly vF /L; the contribution
to plasmon reflection loss at semiconductor/metal inter-
face is roughly the ratio of vF and wave phase velocity.
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